Spin dynamics in the S = ^ kagome compound vesignieite, Cu3Ba(V05H)2 
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We report the study of high quahty samples of the frustrated S — ^ kagome antiferromagnet 
vesignieite, Cu3Ba(V05H)2. Neutron powder diffraction measurements evidence the high quality of 
the kagome lattice and show no sign of a transition to long-range order. A kink in the susceptibility 
below T = 9 K is matched to a reduction in paramagnetic-like correlations in the diffraction data 
and a slowing of the spin dynamics observed by MuSR. Our results point to an exotic quantum state 
below 9 K with coexistance of both dynamical and small frozen moments ~ 0.1/i_g- We propose 
that Dzyaloshinsky-Moriya interaction is large enough in this system to stabilize this novel quantum 
ground state. 



The low-connectivity and dimensionality of a kagome 
lattice of antiferromagnetically coupled S — ^ ions 
(KAFM) make it the ideal framework to study one of the 
most sought after states, the quantum spin liquid (QSL) 
[iHlj. Despite the advances in theoretical understand- 
ing of QSLs, progress in the field is hindered by a lack 
of physical examples oi S = ^ KAFMs. Even the best 
model systems possess noteworthy shortcomings, such as 
structural distortions, disorder and further neighbor ex- 
change. 

Much of the interest in KAFMs was inspired by ev- 
idence of a liquid-like ground state in the kagome-like 
compound SrCrgpGai2-9pOi9 (SCGO) where persistant 
spin-dynamics were observed down to 100 mK using 
muon spin relaxation spectroscopy (MuSR), far below a 
spin-glass transition at Tg ~ 3.5 K [F. Following on from 
this work, volborthite, Cu3V207(OH)2 • 2(H20), was be- 
lieved for several years to be the closest approximation 
to a 5 = I KAFM. Susceptibility measurements showed 
it to have strong antiferromagnetically coupled spins 
{9y^ = — 115 K) [B] that remain dynamic as T — )• [7], 
despite partial spin freezing This lack of Neel or- 
der is remarkable given the monoclinic distortion to the 
lattice: the triangles of volborthite are isosceles and the 
inequivalence of the Cu-O-Cu superexchange pathways 
is expected to reduce the ground state degeneracy. 

Undistorted kagome lattices oi S — \ ions have more 
recently been studied in several closely related materi- 
als: Zn- and Mg-herbertsmithites, kapellasite and hay- 
deeite [HHH]- These systems display the characteristic 
properties of frustrated magnets, such as suppression of 
magnetic ordering [13l |2ll |24] and have revealed new ef- 
fects such as temperature-independent magnetic excita- 
tion spectra [TS]. They all also, however, feature some de- 
gree of dilution of the moment-bearing Cu^+ ions by dia- 
magnetic metal ions (Zn^+/Mg^+) that complicates un- 
derstanding of the ground state properties [3 HH HB US] . 

In order to differentiate the intrinsic properties of the 



KAFM from the effects caused by deviations from ide- 
ality, new model materials close to the idealized 5* = ^ 
kagome-structure are needed. One recently proposed ex- 
ample is the mineral vesignieite, Cu3Ba(V05H)2 [171 - 
[T9] . Unlike the herbertsmithites, the kagome structure 
of vesignieite is not created by diamagnetic dilution of 
another lattice, and so there is little possibility of anion- 
exchange leading to structural defects within the KAFM. 

In this letter we investigate high quality samples of 
vesignieite by powder neutron diffraction, magnetic sus- 
ceptibility and /iSR spectroscopy. We show that the 
kagome lattice is very close to the ideal geometry and 
therefore that vesignieite provides an opportunity for the 
study of minimally perturbed KAFM physics. 
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FIG. 1: The kagome lattice of vesignieite has two crystal- 
lographically distinct CuOe octahedra, and near 3-fold ro- 
tational symmetry. The kagome planes are coupled by VO4 
tetrahedra, hydrogen bonded to hydroxyl groups in the neigh- 
bouring planes and interstitial Ba^"'' ions. There are 4 types 
of oxygen positions: Ol, the hydrogen bonding 0-H group; 
02 and 03, define the basal plane of the VO4 tetrahedra; and 
04 is the tetrahedral apex. 

No structural refinements were presented of the pre- 
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viously synthesized samples of vesignieite [T7]- Inspec- 
tion of the broad powder X-ray diffraction (XRD) peaks, 
however, indicates that they are poorly crystalline, with 
coherent order restricted to length scales as low as a few 
nm. Such deficiency will disrupt the magnetic behavior 
of the KAFM and complicate its interpretation. 

We used an alternative synthetic method, based on the 
evaporation of ammonia from a solution of Schweizer's 
reagent HO], [Cu(NH3)4(H20)2](OH)2 (0.678 g Cu(0H)2 
in 100 ml 28% NH4OH solution), vanadium pcntox- 
ide, V2O5 (0.154 g) and barium acetate, Ba(CH00)2 
(0.217 g), heated to reflux for ~4 hrs. The evapora- 
tion of ammonia causes the slow release of Cu(0H)2 into 
solution and the controlled crystallization of vesignieite. 
To further improve crystallinity, the vesignieite sample 
(^1 g) was then hydrothermally annealed in (25 ml) 
H2O (or 99.9 atom % D2O for the deuterated sample), 
at 190 °C, for 48 hrs. The resultant vesignieite sample 
was found to be phase pure by powder XRD. 

Powder neutron diffraction (PND) data were collected 
between 1.5 and 50 K on a deuterated sample of vesig- 
nieite, Cu3Ba(V05D)2, (1.75 g), using the diffractome- 
ter WISH (ISIS, UK). Rietveld refinements of the crystal 
structure of vesignieite afforded the fit shown in Fig. [2] 
Our refined parameters show that the isosceles triangle 
built from the Cu(l) and Cu(2) sites is very close to equi- 
lateral with ri 2.949(1)A and r2 = 2.951(1)A. This 
distortion of 0.07 % is far less than that of previous sam- 
ples [13 and greatly strengthens the case for vesignieite 
as an important model system with which to probe S — ^ 
kagome physics. 

Over the range 1.5 K - 50 K, no change was seen in 
the Bragg diffraction other than a small thermal lattice- 
contraction; there was no evidence of magnetic-Bragg 
diffraction, or broad features indicative of short-range 
spin correlations. Remarkably, a reduction in the form 
factor-type scattering at high d-spacing is observed be- 
low T ~ 10 K, indicating that below this temperature the 
paramagnetic-like component is being reduced though no 
other magnetic scattering is seen to develop (Fig. [2]d) . 

DC-magnetic susceptibility measurements were per- 
formed using an MPMS SQUID magnetometer. In the 
region 100 < T < 300 K, for applied field > 1 T, the 
data displays a typical Curie- Weiss response that could 
be fitted to give a Weiss temperature 6*-^ — —85(5) K, in- 
dicative of antiferromagnetic exchange, and an effective 
moment /LteS = 2.02(2) fiB in agreement with published 
data [T7]. As in Ref. [T7], a kink in the susceptibility is 
observed at T ~ 9 K. Our data show that this feature is 
also accompanied by an opening of the field cooled and 
zero field cooled branches (Fig.jsj), which is most obvious 
at low field, and is sugggestive of spin glass-like freezing. 

As a local probe, ^SR is a technique of choice to dis- 
criminate between extrinsic and intrinsic magnetic con- 
tributions. It has proven to be a powerful tool for prob- 
ing spin dynamics in frustrated materials and in the 
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FIG. 2: a. PND data collected from a deuterated vesig- 
nieite sample at T = 1.5 K. The red points are the data, 
the black line is the fit, the blue curve is the difference and 
the tick marks indicate reflection positions. Refined lattice 
parameters, in the monoclinic spacegroup C 12/ml (# 12) 
are a = 10.210(2) A, 6 = 5.903(1) A, c = 7.739(1)A and 
/3 = 116.15(1)°. The final Rwp is 3.61. b. Plot of the high 
d-spacing data at several temperatures. Inset: integrated in- 
tensity of the scattering in the range 15 < d < 40 A as a 
function of temperature, normalised to the 50 K scattering. 
The dashed line is a guide to the eye. 



search for spin liquid ground states. A protonated sam- 
ple of vesignieite was investigated using the spectrometer 
MUSR (ISIS, UK). As muons, /j,"*", implant near centers of 
negative charge, the 4 crystallographically distinct oxy- 
gen positions in vesignieite (01-04, Fig. [I]) give rise to 
4 different likely stopping positions. 

For T > 9 K, the muon relaxation is dominated by 
the nuclear magnetism of Cu, V and H nuclei, which is 
static at the muon time scale. Muons also experience 
the Cu^'*' electronic spin-dynamics, modeled by an ad- 
ditional slow exponential decay. For required simplicity, 
the same relaxation rate. A, for all muon sites was im- 
posed. The zero field asymmetries (Fig. |4]) were therefore 
= Pnuc(i)e~'*'* where the temperature 
nuc is the static nuclear contribution I29| . 



fitted to Ppara(i) 

independent 

Above r — 15 K, an almost temperature independent 
rate A = 0.012(1) ^s~^ was seen, which arises from ex- 
change fluctuations of the Cu^"'' electronic spins with the 



3 




6 8 10 12 14 16 18 20 

Temperature (K) 



FIG. 3: a. The temperature-dependent zero-field-cooled 
(ZFC) and field-cooled (PC) DC-susceptibility measured in 
a field of 0.003 T. Inset: difference of the ZFC and FC sus- 
ceptibilities. 



rate v ~ J/2S [S]. Using J/fc^ = 53 K [TT], the relax- 
ation in the paramagnetic limit A = 2Ai?/^ yields the 
width AiJ ~ 0.15 T for the random field distribution 
at the muon sites. This value is in fair agreement with 
the crude estimate of the average dipolar field ~ 0.12 T 
arising from the fluctuating ~ l/x^ copper moments and 
experienced by muons located close to the oxygen sites. 




FIG. 4: Muon decay asymmetry versus time in zero applied 
field. Inset: initial asymmetry at 1.5 K in zero and longitudi- 
nal field. 

Below T ~ 9 K the relaxation of the asymmetry steeply 
increases, a change that cannot simply be accounted for 
by a slowing down of the electronic spin dynamics. In 
addition, a fast initial relaxation develops, and the po- 
larisation as t cx) is no longer 0. These are the usual 
signatures of the presence of a magnetic phase, static on 
the muon time scale. To gain more insight into the nature 



of this frozen phase, spectra were recorded at T = 1.5 K 
on the GPS instrument at the Paul Scherrer Institut fa- 
cility (CH), which provides high resolution at short times 
(see inset of Fig. [4]). The absence of spontaneous oscilla- 
tions in the zero field muon polarization decay points to 
a highly disordered magnetic state of the spin-glass type, 
which is consistent with the absence of magnetic Bragg 
peaks in PND. Moreover a field applied along the initial 
muon polarization direction, of ^ 0.1 T is required to 
overcome the internal static field-distribution. This indi- 
cates that the maximal static internal field at the muon 
sites is ^ 0.01 T. This value is in contrast to the former 
estimation of the dipolar field ~0.12 T generated by full 
1 fiB copper moments. We deduce that the frozen mo- 
ments in the static phase are surprisingly small, of the 
order of 0.1 ^jlb- This suggests that not all the spin de- 
grees of freedom are freezing below 9 K or that strong 
quantum fluctuations are present in the frozen phase. 

The muon asymmetry across the whole temperature 
range could be fitted with the following function P{t) = 
f{Pf{t) + (1 — /f)f'para(i), whcrc /f mouitors the fraction 
of spins involved in the frozen magnetic phase. Given the 
limited accuracy at short time of the ISIS data, the mini- 
mal, temperature independent form P{{t) = |e~*^f"' + 
where Afast = 4(1) /is~^ was used to account for the static 
spin fraction. The frozen fraction, /f , is found to increase 
gradually below T = 9 K at the expense of the paramag- 
netic, non-frozen, fraction (see Fig. [5^) down to T ~ 1 K 
where it saturates at ~ 40 % of the sample spins. Simul- 
taneously, the relaxation in the non-frozen phase gradu- 
ally increases on cooling below T = 9 K and eventually 
saturates at A = 0.50(2) fj,s~^ below 1 K (see Fig. [5]d) 
indicating persistent, slow dynamics as T — > 0. Although 
the origin of this behavior remains unclear, it is reminis- 
cent of many other frustrated antiferromagnetic systems 
such as kagome bi-layers [5], volborthite [7] or even rare 
earth pyrochlores [23' and points to an exotic quantum 
ground state in the unfrozen spin fraction of the sample. 
The similar temperature evolutions of the frozen fraction, 
/t, and the relaxation rate. A, in the paramagnetic phase 
indicates that these two responses are within the same 
framework and neither is an extrinsic contribution. Our 
/iSR results clearly demonstrate the slowing down of all 
the electronic spins below 9 K. This rules out the previ- 
ous interpretation of the 9 K upturn in the susceptibility, 
as arising from 7% free impurity spins [17 . The 9 K fea- 
ture in the /iSR data instead points to the building up of 
intrinsic spin-spin correlations in vesignieite. 

In summary, structural refinements of PND data show 
high quality samples of vesignieite to have near 3-fold 
rotation symmetry of the idealized magnetic kagome lat- 
tice. Susceptibility, diffraction data and /xSR data con- 
sistently evidence a strong slowing of the spin dynamics 
below 9 K, down to weak static magnetism for ~ 40% 
of the Gu spins. It is enlightening to compare the ex- 
otic ground state properties of vesignieite to other well 
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FIG. 5: Temperature dependence of the frozen spin fraction 
ft and the muon relaxation rate A determined from the fits of 
the zero-field asymmetries (see text). 



studied quantum kagome materials. In structurally per- 
fect herbertsmithite, where all Cu^"*" ions are identical 
by three fold symmetry, no transition to a static state, 
even of a small spin fraction, is detected down to at least 
J/4000 [HI]. In volborthite, the kagome lattice is sizeably 
distorted ~ 3% O [17] . Partial static magnetism was de- 
tected in NMR and SQUID measurements below ^ J/80 
whereas ^SR relaxation is dominated by coexisting spin 
dynamics. In this context, it is surprising to observe a 
spin-state reminiscent of that in volborthite in the quasi- 
perfect kagome material vesignieite at a high tempera- 
ture of ~ J/6. At the classical level, distortion of the 
kagome lattice hinders the connection of the degenerated 
ground states by local zero-energy modes and may favor 
spin glass physics |5S]. It seems, however, unlikely that 
the minute distortion of ^ 0.07% in vesignieite is respon- 
sible for partial freezing at ^ J/6. Dzyaloshinsky-Moriya 
interaction, which is allowed to occur on the kagome lat- 
tice, is another possible perturbation to the pure KAFM. 
It may destabilize the kagome spin liquid ground state if 
its magnitude, D, is D/J > 0.1 [17] . Analysis of the ESR 
line width has provided the value D/J^ 0.08 for herbert- 
smithite [5S]. Although a detailed understanding of the 
ESR lineshape is quite involved, we may assume a similar 
origin of the room temperature width AH ~ D^/J also 
in vesignieite. Given that AH is close to the value seen 
in herbertsmithite [18], whilst J is three times smaller, 
we calculate that D/J would be ~ 0.14, i.e. on the Neel 
ordered side of the predicted critical point [55] • Further 
studies are needed to ascertain the exact ratio of D/J 
and to understand why long range order is not stabilized 
despite its apparently large value, and why a dynamic 
liquid character persists for a majority spin fraction as 



T 0. Being a very clean system, vesignieite is certainly 
a good material to address experimentally these pending 
questions related to the criticality of KAFM physics. 
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WeUSedPnue(t) = flPoH{uJ,AoH,t)+f23PKT{t,AH23) + 

fiPKTit, AH4) where /i, /4 and /23 are the fractions 
of muons stopping close to Ol, 04, and to both 02 
and 03 which feature extremely similar crystallographic 
environments. PKTit, AH) is the familiar Kubo-Toyabe 
relaxation function expected for a static field distribu- 
tion of width AH. Muons stopping next to 01 form a 
/i-OH complex which yields a specific oscillating relax- 
ation |21l 122] . The following values were refined: /i ~ 
/23 ~ /4 = 0.33(5), AH23 = 1.7(1) G, AHi = 4.2(1) G, 
a;/7^ = 4.6(1) G and Aqh = 0.7(3) G. 



